In an attempt to produce chiral solids, where chirality arises from an asymmetric ordering of the spatial distribution of dopants, we have studied the supramolecular aggregation by π-π type interactions between aromatic rings of two closely related diastereoisomers, (1R,2S)-ephedrine and (1S,2S)-pseudoephedrine, during structure-direction of the microporous AFI large-pore aluminophosphate framework. Despite their very similar molecular structure, only differing in the stereochemistry of the hydroxyl substituent, fluorescence spectroscopy clearly shows a completely different aggregation behavior of the two isomers, with ephedrine displaying a much stronger aggregation trend than pseudoephedrine in aqueous solution; interestingly, this supramolecular behavior is reproduced when the molecules are occluded within the AFI framework during crystallization. A molecular-mechanics study of the conformational behavior of the two chiral flexible molecules, both in vacuum and in aqueous solution, revealed that the lower trend of pseudoephedrine to form supramolecular aggregates is caused by the occurrence of a particular conformation with a folded molecular structure. Such conformation, which is stable for pseudoephedrine but not for ephedrine, provokes a steric hindrance that prevents the approaching of a neighboring molecule to form the aggregate, hence providing an explanation for the experimental observations. Our work represents the first example where the conformational space of a molecule determines its supramolecular aggregation behavior during structure-direction, and could play a role in molecularrecognition phenomena in host-guest systems.
Introduction
Molecular recognition phenomena are fundamental for life. In this context, chirality is particularly crucial since life, from its origin, decided to work in an asymmetric fashion, with only certain enantiomers of the molecular building-blocks, aminoacids or sugars, making up the essential biological macromolecules, proteins and nucleic acids.
Hence, molecular recognition of asymmetric (chiral) molecules is vital in living organisms; indeed, different enantiomers of the same molecular compound usually lead to a different biological response depending on their absolute configuration, with only one enantiomer having the desired therapeutic effect, and the other one being lessactive, inactive or even harmful. Therefore, a fundamental area of research in contemporary chemistry is the quest for materials that can perform enantioselective operations, being asymmetric catalysts or adsorbents, so that one can have only the desired enantiomer of the targeted compound. 1 In this context, current trends in green chemistry suggest the use of solid materials that can easily be recovered as supports for the production of enantioselective materials. 2 Indeed, it was soon recognized that chiral solid materials such as enantiopure crystals of quartz were able to transfer their chirality to a particular separation/catalytic process and perform enantioselective operations. 3 One of the main candidates to achieve enantioselective heterogeneous catalysts/adsorbents is represented by crystalline microporous (zeolite-type) materials, since they can combine their characteristic molecular shape-selectivity and hydrothermal stability with a potential enantioselectivity. [4] [5] [6] [7] Among the different ways of inducing chirality in these materials, such as the anchoring of chiral additives or the immobilization of homogeneous chiral catalysts, 8 the production of intrinsically chiral frameworks, where chirality is directly imprinted into the inorganic network, is preferred. 9 Indeed, several zeolite-type chiral 4 frameworks do exist, as was reported in polymorph A of zeolite BEA 10 or the chiral zincophosphate CZP; 11 interesting examples have been recently discovered, including the mesoporous chiral ITQ-37 zeolite 12 and HPM-1, 13 the silica-form of the chiral SU-32 silicogermanate, 14 and a Beta zeolite partially enriched in polymorph A. 15 In fact, the chiral nature of several zeolites has been recently recognized, and calorimetric measurements suggest a potential use for chiral discrimination. 16 However, the main drawback associated to these chiral microporous materials for their application in enantioselective operations is that they almost invariably crystallize as racemic mixtures, with crystals in both enantiomorphic forms (racemic conglomerates).
Homochirality during synthesis of microporous materials is very rarely found, although some examples do spontaneously (and normally unpredictably) occur through chiral symmetry breaking effects. 17, 18 An interesting strategy to achieve a certain enantioenrichment of chiral zeotype racemic crystals has been developed by using nucleotides as chiral inductors, 19 although extension of this strategy to other systems is difficult to envisage. Therefore, the great challenge here is not only to produce chiral microporous frameworks, but to do so in an asymmetric fashion so that crystals in only one absolute configuration grow.
Zeolite frameworks are built from achiral tetrahedral TO 4 units, and therefore their potential chirality comes from the long-range asymmetric arrangement of these units to compose the framework, usually in the form of helicoidal channels. 9 When thinking in how to induce chirality during the hydrothermal synthesis of these materials, one first looks at the organic molecules that are usually added to the synthesis gels. These molecules, typically referred to as structure-directing agents (SDA) or templates, organize the inorganic units into a particular geometry around themselves, leading the crystallization pathway towards a particular framework type. 20 In this context, the most 5 straightforward strategy to induce chirality would be the use of chiral molecules as SDAs, in an attempt to induce an asymmetric environment around the molecule that prompts a transfer of the chirality from the molecular component into the inorganic framework that crystallizes around. However, although chiral molecules have effectively directed the crystallization of different frameworks, 6 even some of them being chiral, 12 failure of such a transfer of chirality was evident from the fact that racemic conglomerates invariably crystallized. This must be probably associated to the typical lack of strong and localized non-bonded interactions between the organic SDA molecules and the oxide inorganic networks. Indeed, the important role of H-bonds during the transfer of chirality to an inorganic chiral framework was recognized by Yu and coworkers. 21 In an attempt to overcome such problems during transfer of chirality, we have recently proposed a new concept of chirality in microporous frameworks, which consists in a chiral order of the dopants embedded in zeolite frameworks. Our purpose is not to obtain chiral frameworks with helicoidal channels where all the atoms are arranged in a helicoidal fashion, but frameworks where only dopants are chirally ordered. 22, 23 We believe this should be more easily achievable since in frameworks where low-valent dopants replace trivalent atoms by isomorphic substitution (typically Al +3 for Si +4 in zeolites or M 2+ for Al 3+ in aluminophosphates, with M = Mg, Co, Zn, preferentially), a negative charge is generated in the network that is compensated for by the positive charge of the organic molecule employed as SDA, and hence a strong and localized electrostatic interaction between both net charges is established, especially when using protonated amines as SDAs where the positive charge is well-localized on the protons bonded to N atoms. As a consequence, such a strong and localized interaction might lead to a direction over the spatial incorporation of dopants by the 6 SDA molecules, as was observed during the synthesis of ferrierite with secondary amines, 24 thus potentially enabling a transfer of chirality from the SDA molecules to the spatial distribution of dopants.
In this context, we emphasize that typical organic molecules act as SDA in an individual fashion, in the sense that no self-assembly between the SDA molecules occur when occluded within a particular framework. Such individual (nonconnected) SDAs are incompatible with a potential long-range ordering of the incorporation of dopants (relative to each other), since each SDA would direct the incorporation of a single dopant but there would be no connection in the relative distribution between different dopants. For an ordered (chiral) distribution of dopants to occur, the organic molecules have to be supramolecularly connected in some way in order to transfer such feature to the spatial relative distribution of dopants. As a consequence, the SDA molecules to be used need to have the ability to self-assemble within the nascent microporous framework, and at the same time develop a strong interaction with the negative charge associated to the incorporation of dopants.
One of the most common driving-forces for the self-assembly of organic molecules in aqueous media, as the synthesis of microporous materials usually takes place, is the establishment of π-π type interactions between aromatic rings, leading to π-π stacked supramolecular aggregates. 25 On the other hand, the most common driving-force for molecular-recognition phenomena is the development of intermolecular H-bonds; the possibility of forming H-bonds would in principle enhance a potential supramolecular ordering among the SDA molecules occluded within nanoporous frameworks. Based upon these grounds, we have selected the chiral flexible molecules (1R,2S)-ephedrine and (1S,2S)-pseudoephedrine ( Figure   7 1) as SDAs for the synthesis of Mg-doped aluminophosphate (AlPO) nanoporous frameworks. AlPO networks have been selected since these materials crystallize more effectively in the presence of protonated amines at low pHs. Ephedrine and pseudoephedrine are alkaloid molecules found in nature, 26 specifically in the Ephedra species of plants, with biological activity on the sympathetic nervous system, although their pharmacological behavior differs as a function of their absolute configuration. These isomers have been rationally selected as SDAs based on i) the presence of aromatic rings which enable a supramolecular selfassembly through π-π type interactions, ii) the presence of two stereogenic centers that impart a strong asymmetric nature to the molecule, iii) the presence of flexible -NH x and -OH groups susceptible of developing inter/intra-molecular H-bonds, and iv) the presence of NH x + groups that may lead to a strong and localized electrostatic interaction with dopants, hence potentially driving the spatial distribution of dopants during crystallization of the framework. 27 The rationale behind the choice of these chiral SDA molecules is that if they form supramolecular aggregates (dimers) during the crystallization of the framework, then these aggregates will also be chiral, and they will drive the connected incorporation of at least 2 dopants (one for each molecule composing the dimer) possibly in a chiral fashion (relative to each other) following the asymmetric nature of the aggregate. Aqueous solutions of the hydrochlorides of the SDA amines were prepared by adding equimolar amounts of the amine and HCl. In this way, 0.1, 0.01 and 0.001 M aqueous solutions were obtained and studied by fluorescence spectroscopy.
The obtained solids were characterized by powder X-ray Diffraction (XRD), using a Philips X´PERT diffractometer with CuK α radiation with a Ni filter. MAS-NMR spectra were recorded with a Bruker AV 400 WB spectrometer, using a BL7 probe for 13 C and a BL4 probe for 31 P. 
B. Computational Details
Molecular-mechanics simulations were performed in order to understand from a molecular level the different supramolecular behavior of (1R,2S)-ephedrine and (1S,2S)-pseudoephedrine molecules. Molecular structures of the organic and water molecules were described with the cvff forcefield. 29 Due to the strong basicity of ephedrine (pK a = 9.6) 30 and the low pH of the synthesis medium, protonated EPH and Studio, 34 using a systematic grid scan search method and optimising the molecular structures for each set of dihedral angles. Calculations of the stability of the different conformers in vacuum were repeated at ab-initio level with the Gaussian09 code, 35 using the HF-MP2 method, and using DFT+D and the hybrid B3LYP functional (including the D3 Grimme dispersion term); in both cases, a 6-311++G(dp) basis set was employed.
The aggregation behavior of the molecules in water was studied by means of Molecular Dynamics (MD) simulations, under Periodic Boundary Conditions (PBC), using the Forcite code. 36 16 protonated molecules and 16 Cl -anions were included in the simulation cell together with 1600 water molecules (in the same ratio as in the synthesis gels). An initial equilibration period was allowed, consisting of 100 ps of MD simulations in the NPT ensemble at 25 ºC. The density of the systems along this initial MD simulation was averaged, and a frame in the last steps of the MD trajectory with a density close to the averaged value was selected as the starting configuration for the subsequent NVT study. 1000 ps of MD simulations were then run, keeping the temperature constant at 298 K. Of this simulation time, the first 500 ps were assumed as the equilibration period, and only the last 500 ps of the MD simulations were used for production. The aggregation behaviour of the molecules was studied by analysing the Radial Distribution Functions (RDF) of different sets of atoms [g αβ (r)]; concentration profiles were calculated according to the following equation:
where n α(β) (r) is the number of β species surrounding α at less than a given distance (r), ρ β is the bulk number density of atom β and g αβ (r) is the α-β RDF.
Results

A. Aggregation of EPH and PsEPH in aqueous solution
We first analyzed the supramolecular aggregation behavior of the two molecules in aqueous solutions by means of fluorescence spectroscopy. As the molecules will be protonated within the Mg-doped AFI materials in order to compensate for the negative charge associated to the isomorphic substitution of Al 
B. Hydrothermal synthesis and characterization of nanoporous aluminophosphates
EPH and PsEPH were employed as SDAs for the synthesis of Mg-doped nanoporous aluminophosphates for various Mg contents and crystallization temperatures. Mg-AFI materials (MgAPO-5) were identified in all the solids synthesized (see Figure 1 -right for a picture of the AFI framework), although in some cases secondary phases were also observed; phase selectivity results are reported in Table S1 in the Supporting Information (XRD patterns and some SEM pictures are displayed in Figure S1 and S2 in the Supporting Information). MgAPO-5 was the major phase in all the obtained materials. Minor amounts of the dense AlPO-trydimite phase were also often observed, especially for low concentrations of Mg; the presence of trydimite was slightly more abundant when EPH was used as SDA. At 140 ºC and with low Mg concentrations, a low-dimensional phase with a low-angle diffraction at 4.6 2θ, which possessed a very high organic content, was observed only when EPH was the SDA; interestingly, such phase was never observed with PsEPH. In addition, traces of the hydrated AlPO-C (a dense AlPO network) were also observed at 140 ºC and low Mg concentrations. In summary, both EPH and PsEPH effectively directed the crystallization of Mg-doped AFI materials under a wide range of conditions, although higher Mg concentrations led to more crystalline AFI materials and less secondary phases. 
C. Aggregation of EPH and PsEPH within nanoporous aluminophosphates
We then studied the aggregation state of the molecules occluded within the AFI materials ( Figure 3) ; only solids obtained at 165 and 180 ºC are included since these were more crystalline; nevertheless, similar conclusions were reached for materials obtained at 140 ºC. As in the aqueous solutions, a fluorescence band centered at 282 nm 
D. Computational study of the aggregation behavior of EPH and PsEPH
Experimental results clearly show a much stronger trend of ephedrine to aggregate through π···π self-assembly compared to that of pseudoephedrine, both in aqueous solution and within the nanoporous aluminophosphate frameworks. Indeed, our observations suggest that the lower aggregation of pseudoephedrine within the AFI framework is a direct consequence of its poorer aggregation in aqueous solution. This is 16 rather surprising due to the very similar molecular structure of both diastereoisomers, which only differs in the relative position of the hydroxyl substituent. Indeed, one
would not expect that such hydroxyl groups should play a role on the π···π-driven selfassembly of these molecules between the aromatic rings to form supramolecular aggregates. Thus, molecular simulations were carried out in an attempt to understand from a molecular level such notably different supramolecular behavior.
D1. Conformational analysis in vacuum.
We first analyzed the conformational space of both molecules in vacuum; three rotatable bonds determine the conformational space (see arrows in Figure 1-left) . The conformational search of protonated EPH showed the existence of 6 different conformations which are minima on the Potential Energy Surface (after Geometry (between the two chiral C atoms) by 120º. Indeed, the same type of AG configuration in an extended configuration of conformer A is also found in the crystal structure of ephedrine hydrochloride; besides, these types of AG and GG configurations were found for ephedrinium in aqueous solution by NMR studies. 37, 38 Conformer C, which is related to B by rotation of the CN bond, also has the H-bond-forming groups in gauche configuration to enable the formation of the same type of H-bond; however, in this case the long alkyl chain has a folded configuration, where the final methyl group points towards the aromatic side of the molecule (see Figure 5 -left). This conformer is less stable by more than 5 kcal/mol with respect to the most stable conformer A. Conformer D has the H-bond-forming groups in anti configuration, thus preventing the intramolecular H-bond, resulting in a rather unstable conformation. Two other conformers were found (see Figure S6 in the Supporting Information), both without intramolecular H-bonds, also leading to very unstable conformations (with relative energies higher than 10 kcal/mol).
The conformational search for protonated PsEPH gave 6 different conformations which are minima on the PES. There are two stable conformers (A and B), whose 18 stability is rather similar (Figure 6 ) with an energy difference of only 0.1 kcal/mol. 
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configuration. However, pseudoephedrinium possesses another stable conformation, conformer B, which is stable only for this diastereoisomer (but not for EPH), with a gauche-gauche configuration that enables a strong intramolecular H-bond, where the long alkyl chain is in a folded configuration (Figure 5-left) . Such type of GG folded conformation is very unstable for ephedrine (corresponding to EPH-C conformer, +5.8 kcal/mol). PsEPH conformer C is similar to conformer PsEPH-A where the CN bond has been rotated, leading to the formation of the intramolecular H-bond with the other H atom, resulting in a much less stable conformer. In conformer D, the OH and NH 2 groups are in anti configuration, preventing the formation of the H-bond, resulting in an unstable conformer. Two other much less stable conformations were found (shown in Figure S7 in the Supporting Information), with no intramolecular H-bond. Attempts to produce a conformer similar to that of EPH-B (in a GG configuration with an extended molecular structure) for PsEPH reverted in folded conformer PsEPH-B after geometry optimization. In summary, the conformational analysis of protonated ephedrine and pseudoephedrine suggests the existence of different conformers for both molecules stabilized by intramolecular H-bonds: the two most stable conformers of EPH display an extended configuration of the long alkyl chain, while those of PsEPH display an extended and a folded configuration. This distinct conformational behavior could be related to the different supramolecular behavior of both diastereoisomers observed experimentally. In fact, if we think of the potential of π-π overlapping of the conformers with extended or folded configurations of the long alkyl chains, which will drive the supramolecular aggregation, we hypothesize that conformers with extended configurations should allow for an effective overlapping of the aromatic rings, thus allowing the formation of supramolecular aggregates (see Figure 5 -right-top). In contrast, conformers with a folded configuration should raise a steric hindrance upon an 20 approaching molecule due to the presence of the terminal methyl group that could prevent supramolecular aggregation ( Figure 5-right-bottom) . However, we note that at this point, this represents just a mere hypothesis; evidence will be given below.
D2. Aggregation behavior in water.
We then analyzed through Molecular Dynamics simulations the supramolecular behavior of both molecules in aqueous solution (in the same concentration as in the synthesis gels, 1R:100H 2 O) by looking at the RDFs between different sets of atoms; (middle-right), but again with no appreciable differences between both diastereoisomers (although a slightly higher order of water molecules in the second shell is appreciated for PsEPH). These results suggest a similar interaction of the hydrophilic groups of the two organic molecules with water, hence discarding a different interaction with water as the cause for the distinct supramolecular behavior observed.
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We then analyzed the intramolecular RDFs, which in turn are indicative of the conformational behavior. In this case, we indeed found notable differences between both isomers (Figure 7 -bottom). The intramolecular RDF between H(N) and O atoms of (by steric hindrance) the approach of another molecule to form the aggregate (see Figure 5 ). Such folded conformation is unstable for ephedrinium, and hence this molecule is always in an extended configuration that enables the supramolecular aggregation. Indeed, molecular beam Fourier transform microwave spectroscopy revealed the presence of a similar folded conformer only for (neutral) pseudoephedrine but not for (neutral) ephedrine, although in a minor amount. 39 In order to test the reliability of our computational model and the conclusion reached about the different supramolecular behavior, the stabilities of the different conformers were evaluated by ab-initio methods. MP2/6-311++G(dp) method has been shown to correctly describe the conformational behavior of the neutral molecules; 39 apart from this, we have also employed the DFT/B3LYP method, including the D3 dispersion correction (Table 1) . Results show that the two most stable conformers of protonated ephedrine predicted by the MP2 method are the same as those predicted originally by cvff (Figure 4 ), although the order of stability is the reverse (EPH-B is in this case more stable than EPH-A); anyway, it is important to remark that both of them are in the extended configuration which should enable the formation of supramolecular aggregates, and hence MP2 would predict also a high aggregation trend for EPH. In the case of pseudoephedrine, there are three more stable conformers (PsEPH-A, PsEPH-B
and PsEPH-C), with a similar stability among them (the difference being less than 1 kcal/mol). Two of these stable conformers (A and B) were those predicted as the most stable ones by cvff ( Figure 6 ). We want to remark here that MP2 level of theory also predicts PsEPH-B, the folded conformer, as being rather stable (0.9 kcal/mol relative to the most stable one), at least in vacuum. Again, the stability of this folded configuration in PsEPH which prevents the formation of aggregates would predict a lower aggregation trend for this isomer, as experimentally observed. Conformer C is very similar, in terms of steric hindrance, to conformer A (related by rotation of the CN bond by 120º), and therefore should not alter the aggregation trend. Repetition of these calculations at the B3LYP-DFT level (without including the dispersion term) gives similar results for the stability of EPH conformers, but predicts a lower stability of the folded conformer in PsEPH, and thus would not agree with the experimental observations. However, B3LYP results match perfectly with those of MP2 and the experimental observations when the D3 dispersion term is included in the calculations,
showing the importance of the dispersion interactions to correctly model the conformational behavior. In sum, the ab-initio computational results agree with the molecular mechanics conclusion that the different aggregation behavior observed for the two isomers is due to a different conformational space, in which the most stable conformers of ephedrine are in an extended configuration that enables supramolecular aggregation, while pseudoephedrine has one stable conformer in a folded configuration that prevents by steric hindrance the approach of a neighboring molecule to form the aggregate. Conformational flexibility is crucial for molecular recognition phenomena, and this is determined by the intramolecular interactions that can be established throughout the conformational space. The present work represents the first example, at least to the best of our knowledge, where the conformational space determines also the supramolecular aggregation of aromatic molecules through the establishment of π-π type interactions between the aromatic rings during structure-direction of microporous materials. It is interesting to remark that such distinct supramolecular behavior is reproduced when the molecules are occluded within the AFI frameworks, suggesting that the organic molecules, being in the synthesis gels as monomers or aggregates, are the true structuredirecting agents during the synthesis of the framework, and hence that their supramolecular state in the gel will determine their incorporation within the microporous solid. This issue is crucial for a potential transfer of the molecular chirality into the spatial distribution of dopants within the framework. Our previous computational study suggested that the SDA molecules will drive the incorporation of dopants through the establishment of strong electrostatic interactions between the negatively-charged divalent dopants (isomorphically substituting trivalent Al) and the positive charge of the protonated molecules. If one wants to achieve a particular chiral ordering of the relative spatial distribution of dopants, there needs to be a spatial connection between at least two dopants. As the incorporation of dopants is driven by the protonated ammonium groups of the SDA molecules, these have also to be spatially connected in order to transfer their particular spatial arrangement into the spatial distribution of the dopants. Indeed, as the molecules are chiral themselves, the dimers that they will form within the AFI channels are also asymmetric, and hence the relative distribution of the two dopants that will be incorporated driven by the SDA dimer could also be chiral. Our work shows a great trend of ephedrine to aggregate within the AFI 30 framework, and a lower trend, but still remarkable, for pseudoephedrine, and hence a potential chiral ordering of the dopants within the AFI frameworks.
Conclusions
In an attempt to produce chiral microporous solids through a transfer of chirality from supramolecular organic chiral arrangements into chiral spatial distributions of dopants, we have analyzed the supramolecular behavior during structure-direction of two chiral flexible isomers, (1R,2S)-ephedrine and (1S,2S)-pseudoephedrine, for the crystallization of Mg-doped AFI frameworks. Surprisingly, UV-Vis fluorescence results clearly show a much higher trend of ephedrine isomers to form supramolecular aggregates compared to pseudoephedrine. Molecular simulations suggest that the lower trend of pseudoephedrine to form supramolecular aggregates is due to the stability of a particular conformation with a folded molecular structure that provokes a steric hindrance, preventing the approach of a neighboring molecule to form the aggregate.
Such aggregation-preventing folded conformation is only stable for pseudoephedrine, but not for ephedrine, due to their different intramolecular interactions, hence explaining the higher trend of ephedrine to form aggregates observed experimentally.
Interestingly, the supramolecular behavior of the molecules in aqueous solution is reproduced when occluded within the AFI channels, with occluded ephedrine dimer species being more abundant than pseudoephedrine dimers, hence evidencing that the supramolecular behavior of the molecules in the gels determine their incorporation within the microporous frameworks. To our knowledge, this represents the first report where the conformational space of chiral molecules, which is in turn controlled by the intramolecular interactions, determines the π-π driven self-assembly of the molecules 31 through the aromatic rings during structure-direction, and in consequence their supramolecular state when occluded within microporous frameworks.
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